Three generations of synchrotron radiation sources have revolutionized our understanding of various correlations in the equilibrium phase of materials through x-ray imaging, spectroscopy and scattering techniques. It is anticipated that new sources based on energy-recovery linacs (ERLs) and x-ray freeelectron lasers (FELs) will deliver x-ray pulses that are below a few-hundred femtoseconds in length and have very high coherence. These sources will extend and broaden our current knowledge of materials science. But more importantly, it is expected that these sources will provide the first glimpse of nonequilibrium processes in materials, including nonthermal melting, metal-insulator transitions involving nonequilibrium phases, laser-induced catalytic oxidation, and determining the structure of imperfect nanoparticles lacking crystalline structure.
Introduction
The impact of the three generations of synchrotron radiation sources on materials research has been truly profound. The underlying techniques that have been employed are scattering, diffraction, imaging and spectroscopies of materials under different conditions of temperature, magnetic field and high pressure in all three generations of sources. At the third-generation sources, various properties of x-rays are being fully exploited to make revolutionary advances. These include beam brilliance, flux, polarization, coherence, and time structure. In the following, the current status and future advances at the thirdgeneration facilities in some of the key areas are summarized.
The main purpose of most of the investigations is to study the equilibrium behavior of atoms in condensed matter. Different techniques project different aspect of this behavior. Through the use of scattering techniques, one measures the scattering cross section, which is proportional to the dynamical structure factor, S(Q,ω), where Q and ω are the transferred momentum and energy during the scattering event. This function is independent of the probe [1] . For example, inelastic x-ray scattering measurements have provided S(Q,ω) in a large number of systems [2, 3] . Nuclear resonant inelastic scattering, on the other hand, provides the same information averaged over all Q values [4, 5] . Certain techniques in the (Q,t) space provide a measure of the intermediate scattering factor, F(Q,t). These include x-ray diffraction, coherent nuclear resonant scattering, and x-ray photon correlation spectroscopy [6] . The most important measurement in understanding the equilibrium dynamics of any condensed system is the space-time correlation function, G(r,t). This is usually measured with a variety of imaging and microscopic techniques. It should be recognized that S(Q,ω) is the time Fourier transform of F(Q,t) and is the time and space Fourier transform of G(r,t) [1]. This is best visualized through the conjugate phase map shown in Fig. 1 . With the use of various techniques at the thirdgeneration synchrotron sources, scientists have made considerable progress in filling most of this map.
Some of the most noteworthy advances shown in Fig. 1 are: a.
The resolution of real space techniques, such as microscopy, measuring G(r,t) has reached submicron levels. The resolution overlaps with those obtained from reciprocal space techniques, such as x-ray diffraction measuring F(Q,t).
b.
The source brilliance has made it possible to perform time-resolved experiments with subnanosecond resolution using both imaging and diffraction. For example, picosecond diffraction has demonstrated transient structural changes in photoexcited organic solids [7] .
c. The source brilliance and time structure of storage-ring fill patterns allow the capability to perform coherent nuclear resonant scattering and nuclear resonant inelastic scattering experiments, which have led to additional dynamical information [4, 5] .
d. The coherence of undulator radiation has given us the opportunity to perform photon correlation spectroscopy at x-ray wavelengths to probe the dynamics in many hard and soft condensed-matter systems [6, 8] .
e. X-ray inelastic scattering has provided a new avenue to measure the dynamical structure factor, S(Q,ω), over a broad momentum and energy transfer region partly overlapping with that from neutron and electron inelastic scattering [2, 3] .
As can be seen from Fig. 1 , in spite of the remarkable progress made by third-generation synchrotron sources in the x-ray region, there is limited information in the picosecond-to-femtosecond time domain.
Many investigations have recently been carried out in which a system is pumped to an excited state using a femtosecond optical laser pulse followed by probing of the system as a function of time with femtosecond resolution using a variety of tools. Since vibrational periods of nuclei in condensed matter are about 100 fs, the system reaches equilibrium dynamics over many picoseconds. With the advent of femtosecond optical laser sources, optical probes are now being successfully applied to study relaxation and correlation behavior of systems in their excited states. The x-ray studies will provide complimentary information, primarily in the understanding of nonequilibrium processes. Unfortunately, no brilliant xray source exists with suitable characteristics to probe electronic and structural properties with femtosecond resolution, although progress has been made through the use of plasma excitation sources [9, 10] . A natural question arises whether a new class of high-brilliance synchrotron radiation sources with femtosecond resolution capability in the x-ray range can be designed.
Development of New Sources
A natural limitation exists in designing a storage ring with diffraction-limited value for horizontal emittance, and subpicosecond electron bunches [12, 13] . A linac, on the other hand, is a nonequilibrium device in which the electron bunch characteristics including its emittance and length can be tailored with appropriate technology. For these reasons, there has been considerable interest in linacs as being future synchrotron sources.
In a linac, the beam emittance is governed by the geometrical size of the electron beam from the cathode The key to the success of an ERL is energy recovery [14] . Since the energy of electrons in a linac is lost at the end of the linac (on a dump), it is important to recover the energy of the electrons and reuse it with minimum energy loss. In the current conceptual designs, properly tailored low-emittance femtosecond bunches of electrons are accelerated to high energy in a superconducting linac before they pass through a set of undulators to produce synchrotron radiation. The energy of the electrons after they transit through the last undulator is fully recovered, and the electrons are recirculated. In Fig. 2 , a general scheme for such a device is shown [15] . The concept has been tested in the infrared wavelength range at Jefferson Laboratory [16] . Scientists and engineers at Berkeley [17] , Brookhaven [18] , and Cornell [19] have developed new proposals for ERL-based synchrotron radiation sources in the x-ray range. These new sources permit one to realize higher average brilliance (and hence higher coherent flux) at x-ray wavelengths than are possible with third-generation synchrotron sources, and they deliver x-ray pulses that could be as short as few hundred fs.
An x-ray FEL can be designed to provide full transverse coherence, higher average brilliance, and pulses that are even shorter than 100 fs. These unique radiation characteristics are achieved by accelerating high-energy, low-emittance, high-peak-current compressed electron bunches through a long undulator.
As the electron bunch travels through the undulator, it interacts with the radiation, acquiring a longitudinal density modulation at x-ray wavelengths. These modulated microbunches emit x-rays coherently and collectively enhancing the intensity by 6-7 orders of magnitude compared to conventional spontaneous radiation from the undulator (see Fig. 3 ). This enhancement process is called self-amplified spontaneous emission (SASE) [20] [21] [22] . A seeding scheme, which is being developed, will provide longitudinal coherence. The SASE FEL concept has not yet been demonstrated at x-ray wavelengths. Recently, work at Argonne [23] and Hamburg [24] has shown saturation in SASE process in the 100 nm range. These studies have lent considerable confidence to the understanding of SASE process and led to new proposals to build vacuum ultraviolet (VUV) and x-ray FEL sources. These include the VUV sources BESSY SASE-FEL in Berlin [25] and TTF-2 SASE-FEL in Hamburg [26] . In the x-ray range, the proposals include the LCLS at Stanford [26, 27] , TESLA FEL at Hamburg [26, 28] , and SPring-8 Compact SASE FEL in Japan [29] .
Characteristics of Future Sources
In understanding the performance of the future sources, it is essential to define the characterizing Table 1 , a comparison of critical parameters in the x-ray range for the existing third-generation synchrotron facilities, as well as ERLs and FELs, is given.
Future Impact of New Sources on Materials Research
As we look ahead at these new sources, it is clear from Table 1 that there is a major revolution in source characteristics compared to currently used synchrotron radiation sources, which will have a major impact on the future scientific research in the areas of biological science, chemical science, astrophysics, warm-dense matter physics, condensed matter and materials sciences [25, 28, 30, 31] . In materials and condensed matter, the broad research focus will be on experiments that have been marginal at thirdgeneration sources and will capitalize on the 2 to 4 orders-of-magnitude increase in average brilliance.
However a new class of experiments will benefit from higher peak brilliance, higher coherent flux, and fs pulse length. The pump-probe studies will be able to address both equilibrium and non-equilibrium processes. Most of these experiments have the promise to revolutionize our understanding of fundamental correlations in materials. While many of these advances have been discussed elsewhere [25, 27, 28] , here a few examples of physical processes in materials in the fs time domain are presented.
Full understanding of these will require next-generation sources with higher peak brilliance and coherence.
Nonthermal Melting of Solids:
What is the nature of melting of solids when the duration of melting pulse is as short as the vibrational period of atoms (≈ 100 fs)? This question has been addressed for nearly a decade using a variety of measurement techniques, but a full understanding of the operative mechanisms requires structure information in the femtosecond time domain. To shed some light, recently, plasma-based subpicosecond x-ray pulses have been used in pump-probe studies of semiconductors excited by deposition of 30 fs laser pulses of different fluence [32, 33] . Though weak in intensity, the x-ray probes have provided some insight into the melting phenomena following the excitation. As opposed to thermal melting, short optical laser pulses rapidly excite a large population of electrons initially bonded to atoms into the conduction band of the materials, producing electron-hole plasma. This immediately produces repulsive interatomic forces, destroying the cohesion of the lattice structure. The velocity acquired by the atoms under the action of these forces destroys the crystalline order within a few fs and produces a liquid layer.
The observed disorder in the lattice is not attributable to slower thermal processes that convert electronic energy into phonons. Hence this new process is called non-thermal melting. As time progresses, various mechanisms of melting and recrystallization become operative determined by electron-phonon relaxation processes. The nonthermal melting phenomenon and various relaxation mechanisms are likely to be investigated in detail in condensed matter, chemical, and biological materials when the ERL and FEL sources become available. There are great opportunities also to compare the measurements of these processes to computational simulations [34] .
Femtosecond Structural Dynamics in Highly Correlated Materials:
Vanadium dioxide (VO 2 ) is a prototypical highly correlated system in which the structural phase change accompanies a metal-insulator transition due to changes in electronic band structure [35] . This phase transition has always been thought to be thermally initiated. Recent work focusing on initiating this transition has been in the fs time domain [36] . The experiment involved changing the band gap in VO 2
by pumping the system with a 50 fs laser pulse initiating the interband electronic excitation. This was followed by time-delayed x-ray diffraction measurements using a plasma source producing a few hundred femtosecond, 8-keV pulses. Remarkably, the structural phase transition occurred even over time periods well before the photoexcitation processes were thermalized. This was the first demonstration of an unusual microscopic process involving transition between two equilibrium states separated by a nonequilibrium state. Detailed understanding of this process in the future will require new sources with higher photon flux per bunch.
Electron-Mediated Catalysis Initiated by Femtosecond Infrared Pulse:
In a traditional picture, the chemical reactions in a catalytic process take place when the system is excited thermally via phonons that drive the system across the activation barrier in the electronic ground state. A perfect example is desorption of only CO from a Ru (0001) metal surface coadsorbed with CO and O 2 molecules when heated [37] . On the other hand, when the same system is excited with femtosecond infrared laser pulse, the barrier for O activation is overcome by coupling to hot electrons produced by the fs laser pulse, so that CO 2 is formed and desorbed [38] Imaging of Single Molecules and Nanoparticles:
Structures of complex materials including proteins are being investigated at third-generation synchrotron radiation sources at near-atomic or atomic resolution using both diffraction and imaging, and these advances will have a major impact on nanoscience in the future. The method demands high-quality crystals of sufficient size. However, as interest has been growing in modern technological systems involving a single molecule and small clusters, it is important to address the applicability of known methodologies. Modern day x-ray optics will allow focusing of the beam down to 30-50 nm, and this will produce enormous radiation damage, especially with future sources, such as x-ray FELs.
Fortunately, theoretical simulations by Hajdu and collaborators show that, within about 10 -100 femtoseconds, biomolecules and small particles can withstand an x-ray intensity of ~ 3.8 x 10 6 photons/Å 2 with minimal structural changes [39] . A 2D diffraction pattern can hence be obtained from a single ultrashort exposure before the radiation damage manifests itself. From a set of such diffraction patterns covering 3D reciprocal space by rotating the sample, the structure of the molecule can be obtained if phase information is available. The phase problem can be solved by using the oversampling method, which was first demonstrated by successfully converting an experimental image from a noncrystalline specimen to the structure of the specimen [40] . In a simulation of x-ray scattering from a particle made up of about 100 rubisco molecules using a 10-fs 1.5-Å x-ray FEL pulse with 2 x 10 12 photons, and analyzing the data using the oversampling method, the 3D electron density map was reconstructed from the noisy 3D diffraction patterns [41] . The applicability of the femtosecond 2D diffraction, coupled to oversampling methodology has a lot of promise for the study of nanoclusters of materials even when the sample is noncrystalline and contains imperfections.
Conclusions
In this paper a review of the potential impact of future synchrotron radiation sources on materials science is briefly summarized. Highly coherent and high-intensity ultrashort x-ray pulses from ERLs and x-ray FELs will be the key in the study of both equilibrium and nonequilibrium physics in materials. The availability of x-ray FELs will lead to the discovery and measurement of many physical correlations that manifest below 100 femtoseconds through pump-probe experiments.
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